Indirect measures of population abundance, such as harvest data, are often used to make inference on long term population dynamics when direct data are either not available or are logistically difficult to obtain. However, when harvesting records are used, a common concern is that they may not reflect actual population abundance. We investigated the extent to which harvest data reflected changes in population density of the red grouse Lagopus lagopus scoticus in Great Britain. We used 92 independently managed populations over the period 1977-2000 and examined the temporal and spatial variability of the hunting records and independently obtained count data from each of these managed estates. Three different analyses support the conclusion that grouse hunting records are a reliable indicator of grouse abundance: 1) the number of red grouse shot in autumn showed a tendency to be linearly related to the density of individuals counted in the summer prior to the harvesting, 2) the relationships between the variance and the mean in the harvesting and corresponding count data, calculated over different populations at the same time, or the same locations at different times, were not statistically distinguishable, 3) similar direct and delayed density dependence patterns were observed in hunting records and count data. Our results suggest that red grouse hunting time series are a good proxy for population abundance.
Indirect measures of population abundance, such as harvest data, are often used to make inference on long term population dynamics when direct data are either not available or are logistically difficult to obtain. However, when harvesting records are used, a common concern is that they may not reflect actual population abundance. We investigated the extent to which harvest data reflected changes in population density of the red grouse Lagopus lagopus scoticus in Great Britain. We used 92 independently managed populations over the period 1977-2000 and examined the temporal and spatial variability of the hunting records and independently obtained count data from each of these managed estates. Three different analyses support the conclusion that grouse hunting records are a reliable indicator of grouse abundance: 1) the number of red grouse shot in autumn showed a tendency to be linearly related to the density of individuals counted in the summer prior to the harvesting, 2) the relationships between the variance and the mean in the harvesting and corresponding count data, calculated over different populations at the same time, or the same locations at different times, were not statistically distinguishable, 3) similar direct and delayed density dependence patterns were observed in hunting records and count data. Our results suggest that red grouse hunting time series are a good proxy for population abundance. Some of the most detailed and revealing long-term population studies have used data that only indirectly assessed population abundance. The majority of these data sets have been derived from harvested species such as Canadian lynx (Elton and Nicholson 1942) , snowshoe hares (MacLulich 1937) , dungeness crabs (Botsford et al. 1983 , Hankin 1985 or red grouse (Hudson 1992) . There have also been intensive long term studies that have used indirect measures of abundance such as snap trapping of small mammals (Koshkina 1966 , Pucek et al. 1993 , Saitoh et al. 1997 , Henttonen and Hanski 2000 , trapping of larch bud moth Zeiraphera diniana (Baltensweiler and Fischlin 1988) , gypsy moth Lymatria dispar (Montgomery and Waller 1988) , or occurrence of damaged trees by southern pine beetle Dendroctonus frontalis (Flamm et al. 1988) . Direct studies of long-term population change are much less common, although such studies have been conducted: e.g. great tits (Perrins and McCleery 1985) , grouse (Lindén 1989 ) red deer (Clutton Brock et al. 1982) and rodents (Southern 1979 , Henttonen et al. 1987 . While some of the longest data sets come from harvested species, one of the major concerns is that harvesting data do not reflect actual population abundance but tend to underestimate low densities and overestimate high densities as a consequence of changes in harvesting effort (Gilpin 1973 , Weinstein 1977 , Winterhalder 1980 , Lambin et al. 2000 . Correcting the data for harvesting effort may be sufficient to remove the bias and to reveal genuine patterns of population change (Botsford et al. 1983 , Berryman 1991 . However, this is often not possible and the alternative approach is to compare the dynamics of closely related species or to combine information from intensive, short-term studies. In this respect, it is interesting to note that no detailed analyses have been carried out to demonstrate that fur returns of Canadian lynx to Hudson's Bay Trading Company truly reflect the abundance of actual populations. Despite this, long term knowledge of population demography and harvesting traditions in association with the recent collection of direct data and intensive short term studies have suggested that the time series of trapped lynx reflect reasonably well the regular fluctuations observed in the census data (Royama 1992) .
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The identification of a strong and significant linear relationship between the number of individuals harvested and count density is generally considered sufficient to justify the use of harvesting records as a proxy for population changes. In some cases, even when this relationship is not clear, the harvesting time series may still reflect the underlying density dependent structure and dynamics. These analyses are usually based on temporal comparisons while the role of the spatial component is rarely considered. In this respect, we should note that the location and size of sample count areas are frequently selected according to ease of access rather than as a representation of the spatio-temporal distribution of individuals in the area. Researchers may argue that harvesting locations are selected according to their profitability, nevertheless one of the strengths of harvesting records is that they often represent samples from a large area of suitable habitat, often over long time periods and with established harvesting traditions that provide good comparable data. Such hunting areas often follow the natural boundaries of the species' habitat or the distribution of the local population and represent suitable biological units. Therefore, two main factors affect the pattern of population data: first, temporal variability and second, spatial variability and the scale of these variations with respect to the size of sample areas.
Extensive analytical investigations of patterns in wild populations, together with theoretical modelling have suggested that each species exhibits their own temporal and spatial functional relationship between population variability and mean density; a relationship referred to as Taylor's power law (Taylor 1961 , Taylor et al. 1978 , Taylor and Woiwod 1980 . The slope of the variancemean power function typically lies between 1 and 2, and the level of variability is considered a consequence of density-dependent mechanisms in the spatio-temporal behaviour of the individuals (Taylor et al. 1978, Taylor and Woiwod 1980) . More recently, researchers have proposed that environmental stochasticity as well as simple birth-death processes could generate the power law pattern (Anderson et al. 1982 , Hanski and Woiwod 1993 , Keeling and Grenfell 1999 . Nevertheless, a series of statistical artefacts, such as an increase in population variability both with the length of time series (Pimm and Redfearn 1988 , Hanski 1990 , Cyr 1997 and with scale (Hanski 1987 , Perry 1988 , Yamamura 1990 , may occur and cause misinterpretation of the results. Despite this, Taylor's power law remains a useful approach for examining population's changes and to compare variability among populations when the mean is not too low (Gaston and McArdle 1993) .
These considerations prompt questions such as: do the perceived patterns of population variability change when harvesting records are used? If so, what does the pattern look like? If harvesting is a reasonable representation of population density then we would expect a similar mean-variance relationship between hunting records and sample count data and a similar pattern of density dependence. In contrast, if harvesting is not linearly related to the population density then we may expect different patterns between the two measures of abundance. Two main mechanisms could cause this non-linear pattern, first a non-linear temporal harvesting where hunters over exploit the population when at high density and under exploit it when at low density or second, an uneven spatial harvesting. In particular, at high population density individuals are spread over the majority of available area and hunters tend to exploit most of it, while at low density the population aggregates in a few patches in relatively scattered good habitats, and the harvest is concentrated disproportionately in some of these clusters such that harvesting effort is not linearly related to population density .
To investigate if harvesting data are a good reflection of the genuine changes in population density, we examined the pattern of variability in bag and count records of the red grouse Lagopus lagopus scoticus in Great Britain, addressing the question: Is the temporal and spatial variability in the hunting records similar to that recorded in the census data?
We focused our attention on the red grouse for three main reasons. First, long term data on number of animals shot are available from a large number of independently managed hunting estates. Second, annual counts have been carried out in sample areas located within the shooting areas. Third, detailed information on the individuals hunted and counted (i.e. age and sex) were available. Red grouse represents an excellent system to explore the variability-abundance relationship since populations exhibit a change in the cycle period from northern England to northern Scotland (Hudson 1992 , Haydon et al. 2002 . As suggested by Anderson et al. (1982) population variability could be generated by intrinsic (density-dependent variability) or extrinsic (stochastic variability) factors. To investigate how the intrinsic mechanisms affected the temporal variability in red grouse, we asked the second question: Do count and harvesting data exhibit similar patterns of density dependence? We used count data and hunting statistics from 92 British moors between 1977 and 2000. Each population was regularly harvested in autumn and standardized spring and summer counts have been carried out on sample count areas in the suitable habitat.
The data set
The study was based on count data and hunting records of red grouse collected between 1977 and 2000 from 40 populations in England and 52 populations in Scotland. Counts were undertaken in July or early August, before the hunting season, in sample areas that varied in size from 0.27 to 4.19 km 2 , although 70% of them were a standardized 1 km 2 . The areas were selected as representative of red grouse habitat and populations with medium to high densities. Observers walked pre-defined line transects and trained pointing dogs were used to quarter the study area to provide total count within each sample area (Hudson and Newborn 1995) . Dogs located and flushed all birds (adults with juveniles) and care was taken to minimize double counting.
The hunting records were obtained from private shooting estates with a well-established hunting tradition. Hunting estates ranged in size between 3.24 and 161.88 km 2 (average: 33.27 km 2 ). The majority of red grouse were shot in driven shoots where birds were flushed towards a line of usually 9 hunters (more details in Hudson and Dobson 2001) . The area from which birds were harvested included the count areas in all but one case, where the count area was immediately adjacent to the shooting area. As such the count areas represent just a small proportion of the total area shot and in most instances the number of individuals harvested often exceeded the number counted in the sample area. Also, it is possible that the number harvested per unit area exceeded that counted when there is large variation in density within an estate and hunters concentrate on the productive patches.
Not all the time series were available for the whole period 1977 -2000 and most of the count data have been collected over the last fifteen years. While it would be interesting to compare count data from shot and un-shot areas, no published count data from replicated un-shot areas were available for a comparative analysis.
Direct comparison of harvest and count records
To determine if the number of red grouse shot in autumn was linearly related to the individuals counted in summer before the shooting season a generalised additive model (GAM) between hunting records per unit area and count density was performed. We compared GAMs with different spline functions and error distributions, and selected the model that best described the raw data. We also repeated the analysis using a log-log-linear regression, that is, we investigated if the two data sets exhibited a log-linear relationship, which implied transforming the raw data from a multiplicative dependence into a log-linear additive dependence. In detail, the data were log(n + 1)-transformed (where n represents count or harvesting/km 2 ), to stabilize the variance and to enable the use of zeros when no animals were shot or counted and the log-linear regression was weighted by years. In addition, the records from each location were individually standardized to mean 0 and variance 1, to eliminate the possibility of spurious correlations when investigating data between populations of different average densities.
In some cases the hunting estates included more than one count area, therefore a sample area was selected at random and related to the local hunting estate so that a total of 60 independent count areas and their associated hunting estates were used. To consider the possible effects of sampling error (incorrect counting, individuals poached, incorrect data transcription, etc.) between areas and between years a generalised linear regression (GLM) with year and moor, and their interaction, as independent variables and count or harvesting as dependent variable was carried out and the residuals compared. If sampling error had a similar effect on the variability of the two data sets, then we should expect the counts and harvesting residuals to be well correlated.
Temporal and spatial variability
The relationship between temporal population variability and annual abundance was investigated using the power law relationship. Initially, the mean density and mean variance were calculated for each population across years using the untransformed density data. A linear regression with random bootstrap was then carried out between the log mean variance and the log mean density, and weighted by the number of years that each population was sampled. The analysis consisted in generating 1000 new data sets by random, independently re-sampling with replacement the log data and performing a linear regression for each new data set. The regression slope, the intercept, their standard error, and the 95% confidence intervals (bootstrap estimates) were then calculated. Details on the age structure of the populations (total number of juvenile and adults in summer) were available and the power law relationship was re-estimated using the two data sub-sets of juvenile and adult counts separately. To investigate if the variability in red grouse abundance OIKOS 100:3 (2003) changed spatially the procedure was performed using the mean and variance of abundance calculated across different populations in the same years using the total data set and the juveniles and adults sub sets. The log-transformed mean density and mean variance were calculated between populations in each year and linear regressions with random bootstrap, weighted by the number of populations in each year, were undertaken. The regression slope, the intercept, their standard errors and the 95% confidence intervals (bootstrap estimates) were then calculated. The temporal and spatial power law analyses were repeated using the hunting records per unit area. While we concentrated all our analyses on the period 1977 -2000, long term hunting time series back to the year 1870 were also available from the majority of these hunting estates. Therefore, we compared the power law relationship from this longer-term dataset with our previous results to examine if there has been a change in the spatio-temporal pattern of the harvesting data.
Density dependent structure
The density dependence was estimated using the count data and the hunting records the partial rate correlation function (PRCF) where the growth rate (R t =X t + 1 − X t ) was linearly related to population density-or harvest/km 2 -X t (X t = log(n+ 1)) (Berryman and Turchin 2000) . Direct h 1 (R t vs X t ) and second order h 2 density dependence (R t vs X t − 1 , corrected for X t ) were examined, and the relationship between the partial correlation coefficients was investigated following Royama (1992) . We selected time series with more than 10 years of data and when less than 3 missing values were recorded in the time series an interpolation of the missing cases was carried out. The analysis was performed using detrended time series, where a 3 rd order polynomial was subtracted from the original time series and the residuals used for the subsequent analysis (Cattadori and Hudson 1999). The analysis was repeated using the hunting time series considered as harvest/km 2 and the results were compared.
Results
The raw harvesting records and count data were not linearly related (Fig. 1B) . The harvesting variance increased with the count mean and a GAM model based on the raw data (spline d.f. = 3, family = quasi, link = log, var = hu 2 ), captured well the relationship between the two data sets (non par. d.f. =2, non par. F= 28.100, pr(F) B 0.001, weight =year). When the Fig. 1 . Relationship between number of red grouse harvested per unit area and density of individuals counted in summer before the hunting season (A); and the relationship using raw data (B).
log-log linear regression was used, grouse density in summer explained a reasonable percentage of the variance in the hunting records (regression slope = 0.80, R 2 =0.53, F 1,441 =495.93, P B0.001, Fig. 1A) , and the regression slope was close but significantly different from 1 (t-test between slopes: P B0.001). If we quantify the fraction of grouse harvested per unit counted in the sample area, the constant value estimated from the bag-count relationship was about 10 individuals per km 2 . As expected, the majority of individuals shot represented the annual recruitment and a significant positive relationship was observed between density of young counted in summer and density of red grouse shot in autumn (regression slope =0.76, R 2 = 0.50, F 1,441 =445.37, P B0.001).
The residuals form the GLMs between bag records or count data, as dependent variable, and years, moors and their interactions, as independent variables were significantly correlated (r =0.67, t 441 =19.162, P B 0.01).
Temporal and spatial variability
Red grouse populations did show consistent temporal mean-variance relationships between hunting records (slope 1.79) and count data (slope 1.73, Table 1 and Fig. 2) . In both the data sets, log-mean density accounted for a large proportion of the temporal variability in abundance (Table 1 ). The analysis was repeated using the long term harvesting time series (time period 1870-2000) and a similar mean-variance power relationship was found with the count data (Table 1) . Both juvenile and adult harvesting sub-sets exhibited a significantly higher mean-variance power relationship with respect to the count data sub-sets (Table 1) .
The spatial mean-variance relationship was examined and count and hunting records exhibited statistically indistinguishable slopes (2.16 and 2.09 respectively, Table 1 and Fig. 2) . Log mean density explained a significant and large proportion of the spatial variance in both the data sets. Surprisingly, a significantly lower spatial regression slope was observed when the longterm harvesting time series were used ( Table 1) . The spatial mean-variance power law was repeated using the sub-sets juveniles and adults and significant regression slopes were found between the harvesting and the count data (Table 1) .
Density dependent structure
No consistent differences were observed in the strength of direct h 1 or second order h 2 delayed density dependence between count data and hunting records (Wilcoxon matched paired test for a 1 and a 2 , respectively: P \0.05). The red grouse time series used in this study showed either a clear tendency to damped oscillations or logistic growth (Fig. 3) .
Discussion
The consistent similarities found in the temporal and spatial properties of count data and hunting records suggest that red grouse harvesting data can be used as a suitable alternative to count data. We have identified three lines of evidence to support this conclusion: first, the relationship between log-harvesting and log-population density was linear with the slope close to unity; second, similar temporal and spatial power law relationships were observed using the two data sets; and third, a consistent direct and delayed density dependent pattern was found between bag and count time series. We now discuss each of these results in detail.
The relationship between raw harvesting and count data was not linear but when we log-transformed the data, a significant linear log-harvesting log-count rela- Table 1 . Mean-variance power law regressions. Regression slope, intercept, coefficient of determination (R 2 ), standard error and t-tests between the regression slopes of count and bag data are reported. In bold are reported the significant relationships and * indicates a significant mean-variance regression (95% C.I. from 1000 random bootstrap replicates). tionship with a slope close to 1 was observed. Despite this, the regression slope was significantly different from 1 and the regression explained only 53% of the variation in the harvest data, which overall exhibited a constant variability around the regression slope (Heteroskedasticity test: Breusch-Pagan = 1.081, P = 0.298). While sampling errors may have contributed to this pattern the correlation between bag and count residuals, once removed the spatio-temporal effect, seems to suggest that measurement error had a reasonably low effect throughout.
The mean-variance relationships of count data and hunting records exhibited a similar pattern both temporally and spatially. The consistent similarities between the regression slopes suggested that red grouse harvesting records, or at least the sub-set of data used in this study, provided a suitable proxy to the pattern of count data. Moreover, the use of long term hunting time series further suggests that this temporal pattern (power regression slope equal to 1.7) seems characteristic of the populations rather than a pattern restricted to the last 20 years, the temporal range selected for our major analyses. Additionally, this result supports the proposal that red grouse populations have a high temporal heterogeneity within their distribution range and confirms previous findings that highlighted the temporal variability of red grouse dynamics over the whole UK (Hudson 1992 , Haydon et al. 2002 . While the accurate recording of the total number of individuals annually harvested represents an important source of population data, less attention has been given to the ageing of the shot Fig. 3 . Plot of the relationship between direct (a 1 + 1) and second order delayed density dependence (a 2 ) from the partial rate correlation function using count data (dots) and hunting records (triangles). Populations in regions II, III, IV are characterized by cyclic dynamics and populations in region I exhibit logistic dynamics. Detrended time series with more than 10 years of data were used. individuals or the recording of additional demographic data. This limitation became apparent when we examined the sub-sets of juvenile and adult data separately.
Spatial variability in numbers of red grouse shot and counted were similar providing confidence that both the bag records and the count data described well the spatial variability between populations. The spatial power slope was approximately 2.0 suggesting a tendency of the individuals to be aggregated, a pattern that was observed both at low and high densities. In this respect, it is important to note that the count areas we used were historically known to have populations with medium to high densities and therefore are more typical of good red grouse habitat. Similarly, hunting effort tend to focus in those patches where density is mediumhigh, consequently, it is possible that a mean-variance regression slope equal to 2 was an overestimation of the spatial variability between populations. In support of this observation is the fact that the spatial power slope from the long term harvesting series was significantly lower than 2, suggesting that there is probably a large spatial variation both between populations on different estates and between individuals within the same population.
The third and perhaps strongest evidence that supports the use of harvesting data to make inference on population dynamics, and in our case the use of hunting records to examine the dynamics of red grouse populations, is the analysis of density dependence. Once again, count data and hunting statistics exhibited a consistent direct and second order delayed density dependence. The majority of time series showed a delayed density dependence characteristic of cyclic dynamics with a tendency to damped oscillations. Sampling error probably had low effect on the strength of the intrinsic dynamics, particularly the direct density dependence, and the strong similarities found in the harvesting and count results seems to suggest reasonably similar spatio-temporal patterns. Moreover, these results confirm and corroborate previous findings on the long-term dynamic of red grouse using bag records (Hudson 1992 , Haydon et al. 2002 . While the evidence from these results support the fact that a constant proportion of the annual red grouse population has been exploited, we cannot exclude the possibility that the harvesting was non linear in some hunting estates for some years. In particular, there is still large variation in harvesting yields with respect to the counts (Fig. 1) , suggesting that variability in harvesting effort is quite common, both at low and high population densities. This behaviour could partly explain why the raw bag and count data did not exhibit a complete linear relationship (Fig. 1A) . Nevertheless, it is interesting to note that this degree of variation does not seem to strongly affect the similarities in the mean-variance relationship or in the density dependence of the two data sets. We suggest that when changes in harvesting are relatively similar to count data, the intrinsic dynamics of the two data sets are comparable. A similar behaviour has also been observed in a number of grouse populations at the southern end of their range where, despite the effect of random perturbations, a common density dependent pattern was detected Hudson 1999, Cattadori et al. 2000) .
While it would be interesting to investigate in depth how different harvesting strategies influence population variability, we concentrated our attention on an empirical case study. We used a basic approach, built on a series of assumptions largely used in previous studies of population dynamics, to demonstrate that an indirect measure of population abundance, in this case harvesting data, can be used as an alternative to directly obtained census data and provide biologically consistent results. However, there are two major limitations to this study: first we could find no good data to compare the spatio-temporal variability from shot and un-shot populations. Second, we restricted our study to red grouse in the UK and it would be interesting to compare different species or cases with different harvesting strategies as well as to compare different techniques to indirectly measure the population abundance.
